Abstract Acute mechanical injury of an artery results in neointimal hyperplasia that is due at least in part to cell proliferation within the vessel wall. The purpose of this study was to quantify cell proliferation activity in the iliac artery of New Zealand White rabbits after balloon injury and cholesterol feeding. Retrograde pullback balloon injury of iliac arteries was performed, and the animals were then fed a 2% cholesterol diet. At intervals from day 1 through day 35 postinjury, iliac arteries were obtained for histological analysis. Intimal and medial areas were measured morphometrically. Total number of cells within the intima and media was counted. Smooth muscle cell-predominant or macrophagepredominant regions of the intima and media were identified using HHF-35 and RAM-11 immunocytochemical markers, respectively. Number of cells in the proliferative phase of the cell cycle was measured by using the proliferating cell nuclear antigen and bromodeoxyuridine techniques. Thirty-one arteries from 16 rabbits were available for analysis. Total number of cells and number of cells per square millimeter within the media did not change significantly from day 1 through day 35 postinjury. Total number of cells within the intima increased A cute mechanical injury of the arterial vessel wall / \ results in neointimal hyperplasia. 14 The neoin-J. \ -timal formation is due, at least in part, to proliferation of cells within the medial and intimal compartments.
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Abstract Acute mechanical injury of an artery results in neointimal hyperplasia that is due at least in part to cell proliferation within the vessel wall. The purpose of this study was to quantify cell proliferation activity in the iliac artery of New Zealand White rabbits after balloon injury and cholesterol feeding. Retrograde pullback balloon injury of iliac arteries was performed, and the animals were then fed a 2% cholesterol diet. At intervals from day 1 through day 35 postinjury, iliac arteries were obtained for histological analysis. Intimal and medial areas were measured morphometrically. Total number of cells within the intima and media was counted. Smooth muscle cell-predominant or macrophagepredominant regions of the intima and media were identified using HHF-35 and RAM-11 immunocytochemical markers, respectively. Number of cells in the proliferative phase of the cell cycle was measured by using the proliferating cell nuclear antigen and bromodeoxyuridine techniques. Thirty-one arteries from 16 rabbits were available for analysis. Total number of cells and number of cells per square millimeter within the media did not change significantly from day 1 through day 35 postinjury. Total number of cells within the intima increased A cute mechanical injury of the arterial vessel wall / \ results in neointimal hyperplasia. 14 The neoin-J. \ -timal formation is due, at least in part, to proliferation of cells within the medial and intimal compartments. 5 " 8 This sequence of events is part of the accepted paradigm for the description of the restenosis phenomenon that occurs after angioplasty treatment in humans. 915 The New Zealand White rabbit iliac artery model of atherogenesis after acute balloon injury and cholesterol feeding has been used to study a number of facets of the response of arteries to angioplasty treatment. 16 " 20 To better understand the biological response of atherosclerotic lesions to angioplasty treatment, we studied the response of these iliac arteries to initial injury. This initial injury results in the lesions that undergo treatment by angioplasty techniques in this model. The biological response of these lesions may be influenced by the development of the initial lesion. The time course of development of intimal hyperplasia and the cellular characteristics of the iliac artery response to acute balloon injury and cholesterol feeding have been significantly, but the number of cells per square millimeter of intima decreased significantly during the same time period. Proliferative activity was identified in the media between days 3 and 35 with peak activity at day 3 postinjury. Proliferative activity in the intima was present in all specimens from day 8 through day 35. Proliferative activity was present in both HHF-35-and RAM-11-predominant regions of the intima. Proliferative activity in the intima exceeded that in the media (/ > <.0001 by MANOVA), particularly during day 8 through day 13 and on day 21 postinjury. The time course of cell proliferation activity documented in this model is similar to the time course of cell proliferation activity in two other models of injury of normal arteries. However, the spatial orientation of proliferative activity in the intima and the involvement of RAM-11-predominant regions-presumably macrophages-in the proliferative response represent factors that appear unique to this cholesterol-fed model of acute arterial injury. reported. 21 The purpose of this article is to present a quantitative analysis of the cell proliferation activity that is associated with initial lesion formation in this model.
Methods
Male New Zealand White rabbits weighing 3 to 4 kg underwent retrograde iliac artery denudation according to the technique of Baumgartner. 22 The animal experimental procedures were performed at Stanford University, and this protocol for animal use was approved by the Stanford University Administrative Panel on Laboratory Animal Care. In brief, the experimental procedure 21 consisted of ketamine (35 mg/kg body wt) and xylazine (5 mg/kg body wt) administered intravenously to achieve general anesthesia; an arteriotomy was then performed over the distal femoral arteries. The iliac arteries were injured by retrograde pullback of an inflated 2F Fogarty balloon catheter three times in each iliac artery. The distal femoral arteries were then ligated, and the animals were allowed to recover. The animals were placed on a 2% cholesterol diet the day of this injury procedure.
At prespecified intervals after initial injury, animals were returned for angiographic study. After intravenous anesthesia as before, an angiogram was recorded on radiographic plain film using an intra-aortic catheter and hand injection of Renograffin 76 contrast agent. The animal was then killed with an overdose of intravenous anesthetic and exsanguinated. The iliac arteries were isolated with careful attention to minimize handling trauma. The segments from the most stenotic portion of each iliac artery as identified by the angiogram were .02
Values are mean±SEM. All P values were calculated using one-way ANOVA. *lntima present in 1 of 6 arteries.
immersion-fixed in Carnoy's solution before histological preparation.
A subset of animals was treated with bromodeoxyuridine (BrdU; Sigma Chemical Co) and deoxycytizine (Sigma) before death. For this subset of animals, BrdU 100 mg/kg and deoxycytizine 75 mg/kg were injected subcutaneously 18 hours before death. BrdU 30 mg/kg and deoxycytizine 25 mg/kg were also given intravenously 18 and 12 hours before death. This BrdU labeling technique has been used in another rabbit model of arterial injury for quantification of cell proliferation activity.
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- 23 Tissue samples were embedded in paraffin and sectioned in a routine manner in 5-yu.m slices. Proliferative cells were identified by using monoclonal antibodies to proliferating cell nuclear antigen (PCNA) (19A2, American Biotech) 2426 or BrdU (BU-1, a gift from Dr Nick Gonchoroff, Mayo Clinic, Rochester, Minn). 2729 Smooth muscle cell-predominant and macrophage-predominant regions of the media and intima were identified by using HHF-35 30 and RAM-II 31 immunocytochemical techniques, respectively. All sections undergoing immunostaining were prepared by using an avidin-biotin immunoperoxidase procedure with nickel chloride color enhancement.
PCNA and serial BrdU sections, when available, from each artery were analyzed. Medial and intimal areas were measured by using an Olympus BH-2 microscope interfaced with the Olympus Cue-2 image analysis system. Total nuclei in the proliferative phase of the cell cycle were identified as darkstaining nuclei after the PCNA or BrdU preparation. Sections of rabbit ileum served as positive controls for PCNA and BrdU immunostains. Total number of nuclei within the intima was counted from serial hematoxylin-eosin-stained sections under high-power magnification (x400) by using a superimposed grid to facilitate counting. Because the distribution of nuclei was more uniform in the media than the intima, a sampling technique was used to count the number of nuclei within each medial compartment. The area of representative regions of each medial compartment was measured, and the total number of nuclei within each area was counted under X400 magnification. The total number of nuclei within the media was then calculated based on the ratio of nuclei-to-area within the analyzed regions for each section. Proliferative activity in the intima and media was expressed in three ways: (1) number of proliferative cells (nuclei) within the compartment; (2) proliferative cells (nuclei) within a given compartment divided by the total number of cells (nuclei) within that compartment (results expressed as a percentage); and (3) number of proliferative cells (nuclei) in a given compartment divided by the area of that compartment (results expressed as number of proliferating cells per square millimeter).
Estimates of proliferative activity within the intima predominantly immunostained by HHF-35 or RAM-11 were obtained from analysis of photomicrographs of the serially cut sections from a small subset of arteries. Borders of HHF-35 or RAM-11 regions of the intima were drawn over appropriately magnified hematoxylin-eosin-stained photomicrographs based on sideby-side evaluation of the serial HHF-35 or RAM-11 photomicrographs. Total number of nuclei within the HHF-35-or RAM-11-predominant regions was then counted from the hematoxylin-eosin photomicrograph. An identical procedure was used with photomicrographs of BrdU and PCNA sections for counting of labeled nuclei within the intimal borders of the HHF-35-and RAM-11-predominant regions. Proliferative activity within HHF-35 and RAM-11 regions of the intima was expressed as number of BrdU-or PCNA-labeled nuclei divided by the total number of nuclei within the region of interest (result expressed as percentage).
Statistical Methods
Group results are presented as mean±l SEM. Regression analysis was used to evaluate the relation between PCNA and BrdU counting techniques and intraobserver and interobserver variability. Group mean data were compared by paired t test, ANOVA (when one independent variable was tested), or MANOVA (when the relation of two independent variables to cell proliferative activity was tested). Post hoc testing in ANOVA and MANOVA analyses was performed by using the least-significant-difference test and the Scheffe test. A value of Ps.05 was considered significant, but in the absence of an identified a priori hypothesis all probability values should be considered nominal. All statistics were calculated using the software program STATISTICA FOR WINDOWS.
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Results
Adequate immunocytochemical-stained sections for analysis were available from 31 arteries from 16 rabbits. These animals represent a subset of a cohort of rabbits that served as the basis for a description of the time course of the development of the intimal hyperplastic and cellular response to balloon injury. 21 Area measurements and number of cells within the media and intima of these 31 vessels are presented in Table 1 . Medial area, number of cells within the media, and number of cells per square millimeter of media did not change significantly over time. Intimal area increased linearly beginning at day 8 after injury. While total number of cells within the intima also increased significantly over time, number of cells per square millimeter of intima decreased significantly with increasing duration from injury.
The immunocytochemical markers PCNA and BrdU were used to identify proliferative cells in 20 of the arteries studied; in the other 11 arteries only PCNA sections were available. Representative serial PCNA and BrdU sections from an artery 3 days postinjury and from an artery 21 days postinjury are shown in Fig 1. These examples illustrate the differences in immunostaining characteristics of the BrdU and PCNA techniques. With PCNA, there is a wide "gray scale" of staining from very faint (barely detectable) uptake to a dark and obvious staining pattern. In this study, a threshold for PCNA positivity was selected that required that 50% or more of the nucleus be consistently and definitely stained. Repeated readings were performed to assess the reproducibility of identification of PCNA-positive cells; the correlation coefficient (R 2 ) for interobserver variability was .89 (n=8) and for intraobserver variability, .96 (n=8). The BrdU technique more clearly demarcated positively and negatively immunostained nuclei than did the PCNA technique. Paired PCNA and BrdU counts were available from 25 compartment specimens (18 media and 7 intima). In these paired observations, the number of proliferative cells per square millimeter identified by PCNA counting was 290 ±465 and by BrdU counting, 396±617 (Z'=.O4). Regression analysis indicated that the number of PCNA cells per square millimeter was 0.71 (BrdU cells per square millimeter)+9.4 with a correlation coefficient of .89 (Fig 2) . For arteries with both PCNA and BrdU sections available, the reported number of proliferating cells reported is the mean of the PCNA and BrdU counts.
Proliferative activity in the intima and media is summarized in Table 2 . Proliferative activity was measured in three different ways for each compartment: (1) total number of proiiferative cells, (2) percent of total cells within a compartment that were identified as proiiferative, and (3) number of proiiferative cells per square millimeter of compartment area. There was an excellent correlation between the percent total cells identified as proiiferative measure and the number of proiiferative cells per square millimeter of compartment area measure (R 2 =.97 for this correlation in the media and R 2 =.S4 in the intima). No proiiferative activity was identified in the media 24 hours postinjury, and very little was present at 35 days after injury. There was a relative peak of activity at day 3 postinjury with detectable proiiferative activity during days 8 through 13 and on day 21. There was no measurable intima in the day 1 postinjury group (n=6) or in 5 of 6 day 3 postinjury arteries. In the single day 3 artery with intima present, the majority of nuclei were identified as proiiferative. Proiiferative activity was identified in all the remaining intimal compartments from specimens harvested between days 8 and 35 postinjury. A high rate of proiiferative activity was seen in the day 8 through day 13 and day 21 arteries, but the proiiferative activity decreased at day 35. In the day 3 through day 35 groups proiiferative activity in the intima exceeded that seen in the media (P<.0001 by MANOVA using the number of proiiferative cells per square millimeter measure for comparison), with post hoc analysis indicating that days 8 through 13 and day 21 proiiferative rates in the intima exceeded those seen at the same time points in the media.
Proiiferative activity within HHF-35 and RAM-11 predominantly immunostained portions of the intima was assessed in six arteries ( Table 3 ). The percentage of intima predominantly immunostained by either HHF-35 or RAM-11 in this small number of arteries was consistent with values from a larger number of vessels. 21 A similar rate of proiiferative activity was found within the HHF-35-predominant (16%±4% nuclei were proiiferative) and RAM-11-predominant (19%±5% nuclei were proiiferative) regions of the intima. Relative rates of proiiferative activity did not vary over the 8-to 21-day intervals represented by this small number of observations. Proiiferative activity was present in both ' the outer intima (adjacent to the internal elastic lamina), where RAM-11 immunostaining predominated, and in the inner intima (adjacent to the lumen), where HHF-35 immunostaining predominated, at all time points after day 3 (Fig 2C and 2D ).
Discussion
The time course of cell proliferation activity after balloon injury has been carefully described in the rat carotid artery, 25 -33 in a rabbit ear artery model using crush injury, 4 in one model of angioplasty treatment of rabbit atherosclerotic lesions, 813 and in a preliminary manner, in two other models of arterial injury. media and intima had returned to a very low level. These findings are remarkably similar to the time course of proliferative activity reported for balloon injury of normal rat carotid arteries 2 ' 5 or crush injury of normal rabbit ear arteries. 4 In each of these so-called "single injury" arterial injury models, the time course of proliferative activity consists of cell proliferation in the media that peaks early (typically day 3) after injury followed by a later round of proliferative activity in the intima that is of higher magnitude and longer duration.
Cell proliferative activity appears to follow a different time course and to have a different spatial orientation within the vessel wall in the only "double injury" or sequential arterial injury model characterized to date. This double injury model uses the rabbit carotid artery with adventitial electrical stimulation to induce lesion formation followed by angioplasty treatment of the induced lesions. 813 In this double injury model, cell proliferative activity peaks in the intima from day 3 through day 7 postangioplasty; there is no statistically significant peak of proliferative activity in the media at day 3 postangioplasty, and there is very little proliferative activity in the media in general up to 42 days after treatment. Comparing results from the three single injury models to those from the sequential (or double) injury model suggests that there may be important differences in the spatial orientation and time course of cell proliferative activity that follows injury of normal and atherosclerotic arteries.
Assessment of the cell proliferation activity that occurs after arterial injury takes on substantial clinical importance in view of the restenosis phenomenon that occurs after angioplasty treatment of atherosclerotic lesions. 11 The time course of cell proliferation that follows balloon injury of normal rat carotid arteries is cited as part of the paradigm for the sequence of events leading to restenosis after clinical angioplasty. 12 The findings of the present study strengthen the conclusion that normal arteries respond to balloon injury with a predictable time course of cell proliferation activity. Based on the normal artery response to injury paradigm, cell proliferation activity is a potential target for treatments to reduce the occurrence of restenosis. 34 But it is important to recognize the paucity of data regarding cell proliferation activity in models of angioplasty treatment of atherosclerotic lesions, and as the discussion above indicates, currently available data raise the possibility that cell proliferation after angioplasty of atherosclerotic lesions follows a somewhat different time course and pattern of spatial orientation compared with the patterns that follow balloon injury of normal arteries. Until cell proliferation activity after angioplasty of atherosclerotic lesions is better characterized, it seems reasonable to entertain multiple hypotheses regarding cellular mechanisms of the restenosis phenomenon that occurs after angioplasty. 35 Two additional factors besides the time course of the response were identified in this study that contribute to assessment of proliferative activity in this model. Relative rates of proliferative activity within regions of HHF-35 and RAM-11 immunoreactivity in the intima were quantified in a small number of arteries. There was substantial proliferative activity in both of these regions of the intima in the day 8 through day 21 interval during which the arteries were evaluated. Presumably, the majority (if not all) of the cells in the HHF-35 regions were smooth muscle cells and the majority of the cells in the RAM-11 regions were macrophages. Cell proliferation rates were similar in these two differently immunostained regions of the intima, indicating that proliferative activity was present in both smooth muscle and macrophage cell types. Thus, findings here are consistent with reports indicating that macrophages are capable of proliferating in developing atherosclerotic lesions. 3637 Small regions of RAM-11-immunostaining predominance were also identified in the media at late time points after balloon injury, and the low frequency of proliferative activity that was seen in the media at late time points tended to localize to these regions of presumed macrophage predominance. Therefore, the macrophage appears to contribute significantly to the proliferative response in this model of injury; in this respect, the cholesterol-fed rabbit model appears to differ substantially from other (non-cholesterol-fed) models of injury of normal arteries. Spatial orientation of proliferative activity within the intima was also different in this model compared with the rat carotid model. Here, proliferative activity was identified in both the inner and outer portions of the developing intima due to the presence of RAM-11-predominant regions adjacent to the internal elastic lamina (ie, in the outer intima). In the rat carotid model proliferative activity is limited to the inner portions of the developing intima. 5 Thus, apparent macrophage contribution to the proliferative response and spatial orientation of the response in the intima represent unique features of the overall pattern of response of arteries to injury in this model compared with findings from other models of injury of normal arteries.
Several aspects of the analytic methods used in this study merit comment. First, two different immunocytochemical markers were used to identify proliferative cells. PCNA is an auxiliary protein of DNA polymerase-5 and is required for DNA synthesis in replicating cells. 24 Interpretation of PCNA immunostaining to identify proliferating cells, however, is influenced by a number of considerations. First, there are at least three commercially available monoclonal antibodies to PCNA, and each has its own specific epitope. 38 Tissue fixation and staining techniques can alter the ability of specific PCNA antibodies to identify proliferative cells. 39 Finally, PCNA is present in late Gl and parts of G2 phase in addition to the S phase. 40 - 41 Studies in cell culture using double labeling techniques with specific markers for the S phase such as [ 3 H]thymidine 4243 or BrdU 29 - 43 indicate that only 14% to 50% of cells showing any PCNA immunostaining are identified by S phasespecific markers. In this study, the monoclonal antibody 19A2 was used to identify PCNA. Tissue was fixed in Carnoy's solution, and immunostaining was performed by using techniques that optimize PCNA immunostaining with this antibody. 2629 For the purposes of this study, only nuclei that were uniformly stained over more than 50% of the nuclear area were counted as proliferative. Using these techniques, there was a reasonable correlation between PCNA and BrdU measures of proliferating cells per square millimeter where paired observations were available, although the methods used here resulted in somewhat fewer proliferating cells being identified by PCNA compared with BrdU in the paired analysis. The approach of counting PCNA-labeled cells used here is based on the following rationale: counting all PCNA-labeled cells regardless of labeling intensity overestimates the actual number of cells in the S phase and a threshold is necessary to identify PCNApositive cells. The threshold between absolutely no labeling and minute PCNA labeling is difficult to discern, possibly as difficult to discern as any other threshold selected between minute PCNA labeling and more definite labeling. With these concerns in mind, a threshold for PCNA-positive cells (for the purposes of this study) was selected that clearly did not include some cells that other investigators would characterize as PCNA-positive. Nonetheless, the threshold selected had reasonable interobserver and intraobserver reproducibility. In addition, this PCNA threshold yielded estimates of proliferative activity that closely approximated the estimates of proliferative activity provided by an S phase-specific marker. However, the PCNA counting technique used here in no way assures that cells identified as PCNA-positive are in fact only in the S phase. Moreover, measures of proliferative activity used the mean of PCNA and BrdU data when both immunostains were available and only the PCNA data in the minority of arteries in which no BrdU immunostaining was performed. This approach provided the maximum number of estimates of proliferative activity with the immunostained tissue that was available for analysis.
The limitations of this study need to be acknowledged. First, the number of arteries studied at each time interval is small. Despite the small number of vessels studied, statistically meaningful variations in proliferative activity were found. Second, proliferative activity was assessed at only one region from the injured artery. However, the segment of artery selected for histological assessment was uniform throughout. This segment was selected from the most stenotic portion of the artery based on the angiographic appearance of the vessel immediately before death. Because there was consistency in selection of the portion of artery undergoing histological analysis, it appears reasonable to conclude that the estimates provided here represent reasonable estimates of proliferative activity from this portion of the injured vessel. But it is important to recognize that estimates of proliferative activity from more extensive portions of the vessel undergoing injury may have resulted in additional insights into the cell proliferation response of injured arteries. Caution must be exercised in the interpretation of the relative proliferation rates from within HHF-35-and RAM-11-predominant immunostained regions. The number of observations in this analysis is quite small. In addition, counts were made from assessment of serial sections and not from double-label immunostained sections. Only with the latter technique would it be possible to definitively identify both cell type and cell cycle status in a given cell. Finally, the conclusions drawn here regard the cell proliferation activity after combined balloon injury and cholesterol feeding. We did not attempt to identify how cholesterol feeding acts as an independent variable related to cell proliferative activity in the study.
In summary, a number of factors were identified as important considerations when assessing the overall pattern of cell proliferation response to acute mechanical injury of arteries. The time course of the response, the spatial orientation within the vessel wall, and the cell type(s) contributing to the response should all be considered. The time course of cell proliferation activity after balloon injury of iliac arteries in cholesterol-fed New Zealand White rabbits paralleled the time course of cell proliferation activity seen in two other models of injury of normal arteries. Unlike other models of acute mechanical injury of normal arteries, however, RAM-11-immunostained cells (presumably macrophages) contributed substantially to the proliferative activity in the developing neointima, and proliferative activity occurred in both the inner and outer portions of the intima in the present model. Each of these contributing factors (time course, spatial orientation, and contributing cell type) to the overall cell proliferation response seen after arterial injury needs to be considered and evaluated in future attempts to alter the cell proliferation activity that follows acute mechanical injury of arteries.
